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[57] ABSTRACT 
A pultruded composite blade for a Darrieus-type verti 
cal axis wind turbine is disclosed, along with a method 
for fabricating such a blade. The blade is a composite 
structure with a uniform cross-section with reinforcing 
?bers at least some of which extend parallel to a length 
wise central axis and run continuously from end to end. 
The composite blade is pultruded straight and, when 
installed on the tower, the blade is elastically bent into 
a curved shape that approximates a troposkein. The 
composite structure includes a skin composed of multi 
ple layers of resin-coated glass fabric that de?ne an 
airfoil shape. The composite structure also includes one 
or more internal ribs or spars composed of multiple 
layers of resin-coated glass fabric. 

13 Claims, 15 Drawing Sheets 
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VERTICAL AXIS WIND TURBINE WITH 
PULTRUDED BLADES 

Background of the Invention 

1. Field of the Invention 
This invention relates generally to wind turbines, and 

relates more particularly to a Darrieus-type vertical axis 
wind turbine having blades fabricated by a pultrusion 
process. 

2. Description of the Relevant Art 
A Darrieus-type vertical axis wind turbine 

(“VAWT”) typically has two curved blades joined at 
the ends to the top and bottom of a rotatable, vertical 
tower. The blades bulge outward to a maximum diame 
ter about midway between the attachments points at the 
top and bottom of the tower. See US. Pat. No. 
1,835,018 to D.J.M. Darrieus for a basic explanation of 
such a VAWT. The rotatable, vertical tower with the 
blades attached will be referred to herein as a rotor or 
rotor assembly. A typical VAWT supports the bottom 
of the rotor on a lower bearing assembly, which in turn 
is supported off the ground by a short base. The rotation 
of the rotor is coupled to and drives an electrical gener 
ator, located in the base, that produces electrical power 
as the rotor rotates. The top of the rotor is supported by 
an upper bearing assembly that is held in place by guy 
wires or other structures. 
A key component of the VAWT are the blades, 

which interact with the wind to create lift forces that 
rotate the rotor and drive the generator. The blades 
typically have a symmetrical airfoil shape in cross-sec 
tion with a straight chord that is oriented tangential to 
the swept area of the turbine. The rotor rotates faster 
than the wind, and the wind generates lift forces on the 
blades that maintain rotation of the rotor. The lift forces 
are periodic because each blade goes through two pha 
ses of no lift per revolution when the blade is moving 
either straight up-wind or straight down-wind. In addi 
tion to the wind-generated lift forces, centrifugal forces 
also act on the blades. 
A slender structure like a VAWT blade attached by 

its ends to a rotating axis tends to take the shape of a 
troposkein when the rotor rotates. A troposkein is the 
shape that a linearly-distributed mass like a rope would 
take under centrifugal force when the rope is spun 
around an axis. Considering just centrifugal forces, the 
spinning rope takes the troposkein shape and is loaded 
in pure tension because it has negligible stiffness or 
resistance to bending. It is desirable for VAWT blades 
to have a troposkein shape in order to minimize stresses 
due to centrifugal forces, but a practical problem is how 
to fabricate the blades so that they assume a troposkein 
shape. 

Prior blades for VAWTs have typically been made 
out of extruded aluminum shapes, but these blades are 
costly and do not form a true troposkein shape. One 
problem with extruded aluminum blades is that the 
billet capacities of available extrusion equipment are too 
small to extrude one-piece blades of suf?cient length, 
which may exceed one hundred feet. Another problem 
is that forming a one-piece extruded aluminum blade 
into a curved troposkein shape would cause signi?cant 
problems in transporting the formed blade to the site of 
the wind turbine. This is so because the curved blade 
would be perhaps thirty to forty feet wide and one 
hundred feet or more long and could not practically be 
transported by rail or road. As a consequence, an ex 
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2 
truded aluminum blade for a VAWT is typically a 
three-piece assembly with a curved center section and 
two straight (or partially curved) end sections connect 
ing the ends of the center section to the tower. One 
disadvantage of such a three-piece assembly is that it 
only approximates a troposkein and thus generates sig 
ni?cant bending stresses, which increases the cost and 
complexity of the joints joining the center and end 
sections. Another disadvantage is that aluminum extru 
sions are costly, and post-extrusion bending adds more 
cost. 

It has been suggested by researchers in the ?eld of 
wind turbines to use pultruded ?berglass composite 
blades. Pultrusion is a process where reinforcing ?bers 
coated with resin are pulled through a heated die of a 
desired cross-sectional shape. The pultrusion process 
can create extremely long parts of uniform cross-section 
at low cost. Pultruded blades have been used in horizon 
tal axis wind turbines (“HAWT”), but these blades were 
straight and, due to the loading and structural require 
ments of a HAWT, such blades needed to have high 
stiffness. Pultruded blades have been designed and built 
for a vertical axis wind turbine, but not of the Darrieus 
type. This prior non-Darrieus vertical axis wind turbine 
with pultruded blades had many straight, vertical blades 
with curved chords nested together and extending be 
tween two horizontal end plates. This wind turbine was 
similar to the rotor of a squirrel-cage fan oriented with 
a vertical axis. But again, the blades were straight and 
required high stiffness. In both these prior pultruded 
wind turbine blades, it was desirable to have straight 
blades with high stiffness, but such straight, stiff blades 
would not work in a Darrieus-type VAWT, which 
requires curved blades. 

SUMMARY OF THE INVENTION 

In accordance with the illustrated preferred embodi 
ments, the present invention provides a pultruded com 
posite blade for a Darrieus-type vertical axis wind tur 
bine and a method for fabricating such a blade. The 
blade is a composite structure with a uniform cross-sec 
tion and is composed of multiple layers of resin-coated 
fabric. The composite structure has reinforcing ?bers at 
least some of which extend parallel to a lengthwise 
central axis to react tensile loads. The composite blade 
is pultruded straight and, when installed on the tower, 
the blade is elastically bent into a curved shape that 
approximates a troposkein when the turbine is rotating. 
The composite structure has a skin composed of multi 
ple layers of resin-coated fabric that de?ne an airfoil 
shape. The composite structure also preferably includes 
one or more internal ribs or spars composed of multiple 
layers of resin-coated fabric. 
A signi?cant advantage of the pultruded composite 

blade of the present invention is its reduced construc 
tion and installation costs over extruded aluminum 
blades for vertical axis wind turbines. Reduced blade 
cost is a very important consideration where the goal is 
cost effective wind-generated electricity. Blade costs 
are reduced because the blade is made by an economical 
process that results in a one-piece blade. For larger 
machines, blades could be fabricated in multiple sec 
tions, if desired. Pultrusion is a continuous forming 
process that is ‘limited in length only by the supply of 
resin, fabric, and ?bers that feed into the pultrusion die, 
and even that is not a signi?cant limitation because 
more resin can be added and the fabric and ?bers can be 
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spliced to new supply rolls. Blade costs are also reduced 
because the blade stiffness is designed so that the blade 
can be bent to a curved shape upon installation, and not 
by a costly forming process as is required by aluminum 
extruded blades. 
Another signi?cant advantage to using pultrusion is 

that one-pieceblades can be constructed in instances 
where it is desirable to eliminate the joints of three 
piece blades and their associated structural problems, 
including fatigue. Eliminating the joints also further 
reduces cost. 
A further advantage is that the straight pultruded 

blade of the present invention is ?exible enough to be 
bent into a shape that approximates a troposkein, so that 
operational stresses on the blade are minimized. The 
blade is ?exible enough to conform to a troposkein 
shape under the applied loads, but stiff enough to with 
stand buckling loads from high-wind conditions. 
The present invention includes a method for con 

structing a Darrieus-type vertical axis wind turbine 
including fabricating a plurality of straight blades by a 
pultrusion process on the site of the wind turbine. Pul 
trusion equipment can be transported to and set up at a 
wind site so that the blades can be fabricated on site, 
thus saving signi?cant transportation expense. Pultrud 
ing on site also allows for increased blade lengths and 
wind turbine heights without limitations imposed by 
transportation considerations. Of course, the pultrusion 
equipment can be set up in a factory, and the straight 
blades made in the factory can be transported to the site. 
The present invention also encompasses a Darrieus 

type vertical axis wind turbine having three or more 
pultruded blades. Using three or more blades, instead of 
the typical two blades, reduces the structural and vibra 
tory loads on the tower and support structures over that 
of a comparable two blade wind turbine and thus allows 
for a less massive tower and support structure. The 
added expense of a third blade (which expense is al 
ready advantageously low) is offset by savings in the 
tower and support structures. 
An important advantage of the present invention is 

that total energy recovery from a wind-site can be in 
creased through exercising the freedom that a low-cost, 
light-weight blade provides in designing Darrieus-type 
vertical-axis wind turbines. According to the present 
invention, long VAWT blades are structurally and eco 
nomically feasible, thus allowing increased tower 
heights and increased swept area without increasing 
swept diameters. Increased swept area is desirable be 
cause it increases wind energy capture on a per turbine 
basis. When total energy capture of a wind-site with 
multiple rows of wind turbines is considered, however, 
increasing swept area of conventional HAWTs or 
VAWTs may not increase energy capture because the 
increased swept diameters of the upwind turbines will 
generate larger wakes and thus decrease the wind en 
ergy supplied to downwind turbines. With the VAWT 
blades of the present invention, existing sites can be 
upgraded by installing taller VAWTs of the same swept 
diameter, which increases energy capture of all turbines 
without starving the downwind turbines. Such an up 
grade, which is made possible through the use of the 
low-cost, light-weight blades of the present invention, 
can optimize energy extraction from a given site and 
further reduce power generation costs. 
The features and advantages described in the speci? 

cation are not all inclusive, and particularly, many addi 
tional features and advantages will be apparent to one of 
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4 
ordinary skill in the art in view of the drawings, speci? 
cation and claims hereof. Moreover, it should be noted 
that the language used in the speci?cation has been 
principally selected for readability and instructional 
purposes, and may not have been selected to delineate 
or circumscribe the inventive subject matter, resort to 
the claims being necessary to determine such inventive 
subject matter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a side elevation view of a Darrieus-type 
vertical axis wind turbine according to the present in 
vention. 
FIG. 2 is a cross section of a wind turbine blade ac 

cording to the present invention, with the section taken 
in FIG. 1 along line 2-2. 
FIG. 3 is a cross section of a wind turbine blade ac 

cording to the present invention, illustrating the compo 
sition of the fabric layers and ?ber of the blade. 
FIG. 4 is an enlarged cross section of FIG. 3 at the 

leading edge of the blade. 
FIG. 5 is an enlarged cross section of FIG. 3 at the 

center of the blade 
FIG. 6 is an enlarged cross section of FIG. 3 at the 

trailing edge of the blade. 
FIG. 7 is an exploded perspective view of a portion 

of a O°/ +45°/0° ply of nonwoven, stitched fabric used 
in skin layers of the wind turbine blade of the present 
invention. ' 

FIG. 8 is an exploded perspective view of a portion 
of a 0°/-45° ply of nonwoven, stitched fabric used in 
rib layers of the wind turbine blade of present invention. 
FIG. 9 is a plan view of a wind turbine blade accord— 

ing to thee present invention. 
FIG. 10 is a detail view of an end, or root, of the wind 

turbine blade of the present invention. 
FIG. 11 is a detail view of an attachment clamp at the 

root attachment of the wind turbine blade. 
FIG. 12 is a sectional view of the attachment clamp 

of FIG. 11, taken along section line 12—12. 
FIG. 13 is a perspective view of an upper root attach 

ment that attaches the blade to the upper end of a tower. 
FIG. 14 is a perspective View of a lower root attach 

ment that attaches the blade to the bottom end of the 
tower. 

FIG. 15 is a detail view of a strut attachment point of 
the wind turbine blade of the present invention. 
FIG. 16 is a plan view of a strut that connects the 

wind turbine blade to the tower of the present inven 
tron. 

FIG. 17 is an end elevation view of a pultrusion mold 
utilized in fabricating blades according to the present 
invention. 
FIG. 18 is a top plan view of the pultrusion mold of 

FIG. 17. 
FIG. 19 s a side sectional view of the pultrusion mold 

of FIGS. 17 and 18, taken along section line 19-49, 
with mandrels removed. 
FIG. 20 is a plan view of pultrusion equipment used 

for feeding resin-coated fabric and ?bers to the pultru 
sion die. 
FIG. 21 is an elevation view of a feed roller rack and 

a folding shoe used for feeding fabric to the pultrusion 
die. 
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DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

FIGS. 1 through 21 of the drawings depict various 
preferred embodiments of the present invention for 
purposes of illustration only. One skilled in the art will 
readily recognize from the following discussion that 
alternative embodiments of the structures and methods 
illustrated herein may be employed without departing 
from the principles of the invention described herein. 
One aspect of the present invention is a Darrieus-type 

vertical axis wind turbine having a plurality of pul 
truded, composite blades. The overall structure of such 
a wind turbine 30 is illustrated in FIG. 1. The wind 
turbine 30 rests on a suitable foundation 32, which sup 
ports a steel-framed base 34. The base 34 supports at its 
upper end a lower bearing assembly 36 upon which 
rotates a rotor assembly 38 that includes a tower 40 and 
multiple blades 42. The rotor assembly 38 is coupled 
through a gearbox (not shown) to a generator (not 
shown) located within the base 34. A signi?cant advan 
tage of a Darrieus-type vertical axis wind turbine over 
a horizontal axis wind turbine (HAWT) is that the gen 
erator is located at ground level, which permits ready 
access for service and reduces the load on the support 
structures. Several hydraulic brakes (not shown) are 
mounted to the base 34 and, when activated, clamp onto 
a disk mounted to the bottom of the rotor assembly to 
stop or slow the rotor when necessary. 
The tower 40 is a rotatable, vertical structure sup 

ported at the bottom by the lower bearing assembly 36 
and at the top by an upper bearing assembly 44. The 
bottom of the tower 40 includes a lower root assembly 
46 where the bottoms of the blades are attached, and an 
upper root assembly 48 where the tops of the blades are 
attached. Spanning the distance between the lower and 
upper root assemblies 46 and 48 are three tubular struc 
tures 50, 52, and 54 that are bolted together at facing 
?anges 56 and 58. The tubular structures also 35 bolt to 
?anges on the lower and upper root assemblies 46 and 
48. The upper bearing assembly 44 is held in position by 
at least three guy wires 60 that extend down to anchors 
(not shown) at ground level. Instead of a tubular struc 
ture, the tower 40 could be a truss or other suitable 
structure. 
The blades 42 are attached to the rotor assembly 38 at 

the lower and upper root assemblies 46 and 48, which 
will be described in more detail below in connection 
with FIGS. 13 and 14. The blades 42 are preferably 
fabricated straight, and during installation are bent to 
the shape shown in FIG. 1. This shape of the blade 
during rotation of the rotor is approximately a tropos 
kein shape, which is advantageous in minimizing 
stresses due to centrifugal forces during operation. 
Two horizontal struts 62 and 64 are located at about 

10% of the tower height above the lower root assembly 
46 and below the upper root assembly 48, respectively. 
Each strut is clamped at an outer end to the blade 42 and 
is pinned to the tower 40 at the other end. The struts 
stiffen the blade against high-wind buckling that could 
occur when the rotor is held stationary in high wind 
conditions. The number and positioning of the struts is 
a tradeoff between blade stiffness and decreased aerody 
namic performance due to drag. The struts 62 and 64 
will be described in more detail below in connection 
with FIG. 16. 

In the preferred embodiment, three blades 42 are 
used, which reduces the structural and vibratory load 
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6 
ing on the tower 40 as compared to an equivalent two 
blade design with the same total chord length. Chord 
length for the blades is determined by selecting a total 
chord length according to a desired solidity factor times 
the swept area divided by blade length, and then divid 
ing the total chord length by the number of blades used. 
Distributing the total blade force among three blades 
reduces the peak force applied by any one blade and 
also smooths out the force impulses. Using three blades 
is also advantageous in reducing the forces needed to 
pultrude the blade in comparison to an equivalent two 
blade design, since the drag force needed to pull the 
composite through a pultrusion die is proportional to 
the surface area of the pultrusion die. While three blades 
is preferred, four or more blades may also be cost-effec 
tive, because the additional cost of blades is offset by 
savings in tower and support structures. Of course, a 
two-blade VAWT is also within the scope of the pres 
ent invention. 
FIG. 2 is a cross-section of the blade 42 illustrating its 

airfoil shape. The airfoil is symmetrical about its chord 
68, which is straight. The airfoil has a leading edge 70, 
which travels into the relative wind, and a trailing edge 
72. The airfoil has a skin 74 of substantially uniform 
thickness, and three ribs 75, 76, and 77 that extend later 
ally across the chord. The thickness of the skin 74 is 
increased at the points where the ribs 75-77 are at 
tached, forming ?anges 78. A lengthwise central axis 80 
of the blade 42 extends lengthwise through the blade, 
perpendicular to the section, from the center of the 
chord midway between the leading and trailing edges of 
the blade. 
The pro?le of the airfoil is set forth in Table I, where 

“X” is measured in inches along the chord from the 
leading edge and “Y” is measured in inches perpendicu 
lar to the chord. This blade was designed for a 300 KW 
VAWT having three blades and a 23 meter swept diam 
eter and a 39 meter rotor assembly height (height-to 
diameter ratio H/D = 1.7). Maximum thickness of the 
airfoil is 21% of the chord and is located at 41.5% of the 
chord aft of the leading edge. This airfoil was devel 
oped by Sandia 

TABLE 1 

W 
X iY X iY X i-Y 

.000 .000 1.395 1.066 9.900 2.797 

.020 .083 1.440 1.087 10.320 2.817 

.045 .135 1.463 1.097 10.800 2.832 

.083 .192 1.530 1.127 11.215 2.837 

.090 .202 1.585 1.150 11.700 2.835 

.122 .240 1.620 1.166 12.147 2.824 

.135 .255 1.660 1.183 12.600 2.804 

.164 .286 1.710 1.203 13.045 2.773 

.180 .304 1.739 1.215 13.500 2.732 

.205 .328 1.800 1.240 13.981 2.678 

.225 .348 1.889 1.276 14.400 2.623 

.247 .368 2.025 1.328 14.892 2.548 

.270 .389 2.135 1.370 15.300 2.479 

.303 .418 2.250 1.412 15.820 2.383 

.315 .427 2.354 1.450 16.200 2.308 

.360 .463 2.475 1.492 16.744 2.194 

.405 .499 2.559 1.521 17.100 2.117 

.427 .516 2.700 1.568 17.651 1.993 

.450 .532 2.892 1.630 18.000 1.913 

.495 .564 3.150 1.708 18.574 1.780 

.540 .595 3.374 1.774 18.900 1.703 

.554 .605 3.600 1.838 19.482 1.565 

.585 .626 3.836 1.901 19.800 1.489 

.616 .646 4.050 1.956 20.250 1.380 

.630 .655 4.274 2.012 20.700 1.272 

.675 .684 4.500 2.065 21.105 1.174 

.720 .712 4.738 2.120 21.600 1.055 
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TABLE I-continued TABLE II-continued 

W W 
X :Y X :Y x :Y LAYER FIBER ORIENTATION WIDTH 

.742 .725 4.950 2.166 21.882 .989 5 108 0°/-45°/0° 50.76 

.765 .739 5.174 2.213 22.500 .845 109 0°/+45°/0° 54.60 

.810 .765 5.400 2.258 22.899 .755 566611955X Skin Layers 

.855 .792 5.632 2.301 23.400 .646 no TREVIRA 1140 

.862 .796 5.850 2.340 23.745 .574 153 TREVIRA 850 

.900 .817 6.100 2.383 24.300 .465 154 o./+45./o. 4 30 

.945 .842 6.300 2.416 24.714 .389 10 155 TREVIRA 2'12 

.990 .866 6.489 2.445 25.200 .306 ' 
1.035 .890 6.750 2.484 25.719 .226 

11080 ‘914 6920 2509 .2610‘) 478 Secondary skin layers 110, 153, 154, and 155 form 
1.118 .933 7.200 2.547 26.383 .148 1 aliz d . f h kin d d d f 
1.170 .959 7.564 2.593 26.550 .132 °° ‘?_ Portlons 0 t e S _’ an 0 not exten mm 
1.240 .993 8.100 2.653 26,572 131 15 the trarlmg edge to the leadmg edge and back to the 

1-003 3-512 26:2 ~ 26-902 -106 trailing edge as do the primary skin layers 101-109. As 
. 5 1.024 .000 2.7 27.000 .000 - ~ - 
1.350 1‘ 04 5 9432 L768 best shown in FIG. 4, layer 153 is the innermost layer of 

FIGS. 3-6 illustrate the composite layers of the pre 
ferred construction of blade 42. The skin 74 of the blade 
is formed from nine layers 101-109 (numbered from the 
outside to the inside) of glass fabric. The outermost skin 
layer 101 is composed of trevira (vail cloth), which is a 
spun, bonded polyester fabric. The trevira outer layer 
protects the inner layers from abrasive wear, but does 
not contribute signi?cantly to the strength of the blade 
42. The eight inner layers 102-109 of the skin are each 
composed of three-ply, nonwoven, stitched fabric hav 
ing an orientation of O°/+45°/O° or 0°/—45°/0°. As 
shown in the exploded perspective view of FIG. 7, 
0°/ +45°/ 0° fabric has two plys 82 of ?bers oriented at 
0° with respect to the lengthwise central axis 80 and one 
ply 84 of ?bers oriented at +45° to the lengthwise cen 
tral axis. The three plys 82 and 84 are stitched together 
with cross-wise stitches (not shown). Alternatively, the 
?bers and plys could be bonded together with an adhe 
sive, or a combination of stitching and adhesive bond 
ing. A layer having an orientation of 0°/ -45°/ 0° is like 
the 0°/+45°/O° layer, but with the ?bers of the middle 
layer oriented at —45° with respect to the lengthwise 
central axis 80. ' 

The eight inner layers 102-109 of the skin have four 
layers of 0°/+45°/0° fabric and four layers of 
0°/ —45°/ 0° fabric. This orients two-thirds of the ?bers 
parallel to the lengthwise central axis 80 for tensile 
strength. The remaining one-third of the ?bers are ori 
ented at :45‘ (one-sixth at i45° and one-sixth at —-45 °) 
with respect to the lengthwise central axis 80 to pro 
vides torsional strength. 
Each of the nine layers 101-109 of the skin extend 

from the trailing edge 72 along one skin surface to the 
leading edge 70, and back along the other skin surface 
to the trailing edge. These nine layers are labeled pri 
mary skin layers in Table II, with layer 101 outermost 
and layer 109 innermost. The placement of secondary 
skin layers 110, 153, 154, and 155 will be explained 
below. Width is given in inches. 

TABLE II 

w 
‘LAYER FIBER ORIENTATION WIDTH 

P ' Skin La ers 

101 ' ‘ TREVIRA 53.64 

102 0°/+45'/o' 51.46 
103 0'/-45'/0° 54.66 
104 07-4570“ 53.68 
105 0'/+45°/0" 52.88 
106 0"/+45°/0° 52.04 
107 0"/-45'/0° 51.38 

25 

35 

45 

50 

60 

65 

the skin forward of the forward rib 75. Both ends of 
layer 153 are overlapped by layer 139 of the forward 
rib. Filler ?bers 163 (also known as “tows“), oriented at 
0° with respect to the lengthwise central axis 80, are 
placed at the leading edge 70 between layers 105 and 06. 
As best shown in FIG. 6, layer 110 is the innermost 

layer of the skin aft of the aft rib 77. Both ends of layer 
110 are overlapped by layer 124 of the aft rib. Filler 
?bers 162 are placed at the trailing edge 72 between 
layers 110 and 109. To accommodate the taper of the 
trailing edge 72, the aft ends of layers 102-108 are stag 
gered as shown. Layer 109 extends aft to the trailing 
edge. Structural layer 154 is wrapped around the trail 
ing edge, and is covered by trevira layer 155. The for 
ward edges of trevira layer 155 overlap the aft edges of 
trevira layer 101. 
FIG. 6 also illustrates the composite layers 111-124 

(numbered left to right) in the aft rib 77 . Layers 111-117 
form the left half of the aft rib, while layers 118-124 
form the right half of the aft rib. The outermost layers 
111 and 124 are trevira and extend past the ?anges 78 
and overlap with trevira layers 138 from the middle rib 
and 110 to the rear, respectively. The remaining layers 
112-123 are bent at the skin to form the ?anges 78. The 
spaces between the ?anges and the rib layers are ?led 
with ?ller ?bers 158 and 161. 
FIG. 5 illustrates the composite layers 125-138 (num 

bered left to right) in the middle rib 76. Layers 125-131 
form the left half of the middle rib, while layers 132-138 
form the right half of the middle rib. The outermost 
layers 125 and 138 are trevira and extend past the 
?anges 78 and overlap with trevira layers 152 from the 
forward rib and 111 from the rear rib, respectively. The 
remaining layers 126-137 are bent at the skin to form 
the ?anges 78. The spaces between the ?anges and the 
rib layers are ?led with ?ller ?bers 157 and 160. 
FIG. 4 illustrates the composite layers 139-152 (num 

bered left to right) in the forward rib 75. Layers 
139-145 form the left half of the forward rib, while 
layers 146-152 form the right half of the forward rib. 
The outermost layers 139 and 152 are trevira and extend 
past the ?anges 78 and overlap with trevira layers 125 
35 from the middle rib and 153 from the forward area, 
respectively. The remaining layers 140-151 are bent at 
the skin to form the ?anges 78. The spaces between the 
?anges and the rib layers are ?led with filler ?bers 156 
and 159. The structural layers 112-123, 126-137, and 
140-151 of the ribs are composed of two-ply, nonwo 
ven, stitched fabric having an orientation of 0°/ +45 ° or 
0°/—-45°. As shown in an exploded perspective view in 
FIG. 8, 0"/ —45° fabric has one ply 86 of ?bers oriented 












